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ABSTRACT Electrorotation is a special dielectric spectroscopic technique capable of measuring the polarizability of single
platelets. The rotational speed of the particles is recorded as a function of the frequency of the applied rotating electric field.
As previously shown, the speed of electrorotation in the range of the first characteristic frequency (anti-field rotation) decreased
upon activation and was correlated with [14C]serotonin release and an increase of the TMA-DPH-induced fluorescence. Diamide
incubation induced morphological changes in control platelets. These changes were accompanied by a shift of the first char-
acteristic frequency of electrorotation toward higher values and a parallel increase of the anti-field rotation. This was explained
by a decrease of membrane conductivity and by the changed polarizability of platelet interior due to the observed internal platelet
structure changes. Diamide inhibited activation assessed by both electrorotation and TMA-DPH fluorescence in the case of all
activators except the ionophore A 23187. Because diamide largely inhibited the A 23187-induced serotonin release, it was
concluded that, despite the diamide treatment, the direct increase of cytoplasmic Ca2+ was still able to induce membrane
conductivity changes accessible by electrorotation, but this did not complete the final release step of the activation process.
INTRODUCTION
Electrorotation is a dielectric spectroscopic technique for
measuring the polarizability of biological or nonbiological
particles (Fuhr and Kuzmin, 1986; Kakutani et al., 1993;
Pastushenko et al., 1985, 1988; Sauer and Schlogel, 1985;
Wang et al., 1993). Particle rotation is induced by the ap-
plication of a rotating electric field, and the intensity and
direction of particle rotation are recorded as a function of the
external electric field frequency. In the case where the struc-
ture of the particle is known and is sufficiently simple, the
dielectric parameters of the particle can be assessed. In recent
years electrorotation has been successfully applied to study-
ing the dielectric properties of various particles and cells
(Arnold and Zimmermann, 1988; Asami and Yamaguchi,
1992; Donath et al., 1990; Fuhr et al. 1990; Egger et al.,
1991a, b; Gimsa et al., 1991a, b; Gimsa et al., 1993). In a
previous study we have shown that electrorotation is a suit-
able method to assess platelet activation at a single cell level
(Egger et al., 1988).
Upon activation, the rotation decreased and ceased com-
pletely with strong activators. It was concluded that primarily
membrane conductivity changes were responsible for the al-
tered electrorotation behavior upon activation. However, it
was not clear at which particular step of the activation pro-
cess this putative membrane conductivity change occurred.
It has been previously shown that hyperosmolar solution in-
hibited the rotation decrease together with activation. The
same result was found with a number of amphipaths. The
electrorotation decrease correlated with the ["4C]serotonin
release at release percentages above 60%. But it did not not
Receivedfor publication 19 April 1994 and infinalform 19 October 1994.
Address reprint requests to M. Egger, Physiologisches Institut, Univer-
sitat Zurich, Winterthurerstr. 190, CH-8057 Zurich, Switzerland.
X) 1995 by the Biophysical Society
0006-3495/95/01/364/09 $2.00
correlate with the aggregation potency. Diamide is known to
influence the platelet aggregation behavior and to induce
metabolic and structural changes as well (Wu et al., 1992;
Hill et al., 1989; Spangenberg et al., 1987). Diamide oxidizes
protein SH-groups. It disturbs the function of cytoskeleton
proteins by affecting disulfide-bridges and changes the
sulfhydryl-disulfide status, which is controlled by gluta-
thione. This is decisively important for the platelet functional
behavior (Hill et al., 1989). Changes in the diamide-induced
platelet morphology and metabolism were accompanied by
changes in the platelet aggregation and release behavior
(Hoffmann et al., 1983). With red cells and other cell types,
changes of the viscoelastic properties of the membrane in-
duced by cross-linking of membrane proteins and also mem-
brane permeability changes were observed (Kitajima et al.,
1990; Klonk and Deuticke, 1992).
The object of this present study was to investigate whether
the electrorotation change was induced primarily by mem-
brane conductivity changes or whether it depended also on
the more complex interplay between metabolic and
cytoskeleton-involved processes. The diamide treatment is
one way to induce complex changes both in the interactions
of cellular pathways and structure by significantly inhibiting
protein dependent processes. Here we show that it is possible
to correlate morphological changes and changes in the di-
electric properties of the platelet membrane with dielectric
spectroscopy measurements of electrorotation in low and
high frequency ranges.
MATERIALS AND METHODS
Blood collection procedure and serotonin loading
Blood was withdrawn by venous puncture from healthy donors who had
taken no drugs during the previous two weeks. Immediately after the venous
puncture, the blood was mixed with 1/10 vol of 3.12% (w/v) sodium citrate
(pH 7.4). Platelet-rich plasma was prepared by centrifugation at 200 X g for
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15 min at room temperature. The supernatant platelet-rich plasma was in-
cubated with 1.0 F±M 5-hydroxy(side-chain-2-[14C]tryptamine)creatinine
(['4C]-serotonin, sp. radioactivity 55 mCi/mmol, CFA 170, The Radio-
chemical Centre, Amersham, U.K.) for 30 min at 37°C. Measurement of
serotonin release was performed according to Heptinstall et al. (1980). After
centrifugation of platelet-rich plasma, 300 X g, 15 min, room temperature,
the platelets were washed 2 times with a procedure described earlier (Egger
et al., 1988). The platelets were resuspended in HEPES-Tyrode buffer (5.55
mM glucose, 5.45 mM NaH2PO4, 0.01 mM MgCl2) adjusted to pH 7.35.
Diamide-modified platelets
The washed platelets were incubated with 0.5 mM diamide
(azodicarboxylic-acid-bis-dimethylamide, Sigma Chemical Co., St. Louis,
MO) for 5-60 min at 37°C in HEPES-Tyrode buffer.
Platelet activation
The platelet activation was induced with the same activator concentration
at 37°C in fluorescence, electrorotation, aggregation, and secretion mea-
surements. To compare different inducers with regard to their potential for
inducing serotonin release, we calibrated the platelet suspension on equal
biphasic, irreversible aggregation traces for each blood sample as described
previously (Egger et al., 1988). Platelet activation at 37°C was induced
by adding 1.0-4.0 ug/ml collagen (Sigma) 0.1-1.0 units/ml thrombin
(Sigma), 1.0-2.5 mM arachidonic acid, or 0.1-0.5 ,M A 23187 (Calbio-
chem, La Jolla, CA).
Fluorescence measurements
The platelet suspension was adjusted to a concentration of 2.5 X 108 plate-
lets/ml. The platelet concentration was checked by Coulter counter mea-
surements (Technicon H4, Coulter Counter S plus 4, Coulter Inc. USA).
Fluorescence was measured by means of Perkin-Elmer MPF 44 B (Perkin-
Elmer Inc., U.K.) trimethylammonium-diphenylhexatriene. TMA-DPH,
(Molecular Probes, Eugene, OR) stock solution of 0.5 mM in dimethyl-
formamide was made. Under continuous stirring, TMA-DPH was added into
a 4.0 ml quartz fluorescence cuvette containing 3.0 ml of HEPES-Tyrode
buffer to yield a final concentration of 1.2 ,uM. The cuvette was preincubated
for 5 min at 370C. The preliminary measurement of background fluores-
cence followed. An aliquot of the platelet suspension was added to give a
final concentration of 107 platelets/ml. The sample was allowed to stand for
4 min, although the incorporation was almost immediate, as was shown by
the stabilization of the TMA-DPH fluorescence intensity signal. Excitation
and emission wavelengths were 350 and 430 nm, respectively (Bronner
et al., 1986a, b). These settings yielded maximal emission. Fluorescence
intensity was then continuously recorded both before and during platelet
activation. Platelets were stimulated in the cuvette after the initial fluores-
cence level was recorded for 2 min.
Electrorotation
The platelets were resuspended into the measuring solution: 300 mOsm
sucrose, 5.8mM PBS buffered at pH 7.2. The final cell density was 50-200
platelets/,l. The suspension conductivity was 12 ± 2 mS/m. It was deter-
mined before and after rotation measurements with a conductometerLM 301
(Hydromat, Germany) at 22°C. This suspension was kept at 37°C while the
measuring chamber and the microscope were adjusted. This lasted no longer
than 5 min. The electrorotation chamber consisted of four electrodes (Egger
et al., 1988) with an electrode separation of 1.45 mm. The chamber was
manipulated with a micromanipulator in a fixed petri dish placed under an
inverted microscope. Approximately 200 gl of cell suspension was trans-
ferred into the center of the measuring chamber. The measurement imme-
diately followed the platelet sedimentation on the HSA-covered glass sur-
face of the chamber bottom. This was completed within a few minutes.
kV/m, which was generated by square-topped pulses with a duty cycle of
1:1. Either the electrorotation of each individual platelet was measured at
selected frequencies in the range of 13 kHz to 30 MHz starting from the MHz
range, or the compensation method (Arnold and Zimmermann 1983; Gimsa
et al., 1986) was used to determine ft. The latter uses two electric fields
differing both in frequency and in the rotation direction applied in subse-
quent short intervals. These two fields compensate each other if the applied
frequencies are symmetric on the logarithmic scale with respect to the peak
frequency. The first characteristic frequencies obtained by fitting of the
frequency dependence did not differ from the values measured with the
compensation method. In the second characteristic freuency range (fc) the
compensation method could not be used becausef2 was close to the upper
limiting frequency of the equipment.
Aggregation measurements
In each experiment, platelet aggregation was measured to test the platelet
functional performance and to calibrate the platelet samples on equal ag-
gregation traces. The aggregation traces were monitored with a dual channel
aggregometer Elvi 80 (Elvi Logos, Italy).
Electron microscopy
For transmission electron micrographs, platelets were fixed for 30 min in
glutaraldehyde (2.5%) at room temperature, embedded with Epon, and
50 nm sections were made with Ultrotom 5 (LKB Producta AB, Bromma,
Sweden). The sections were viewed in an TEM microscope (Elmiskop 102,
Siemens, Germany) at 80 kV voltage.
RESULTS
Control resting platelets were compared with diamide-
treated platelets using transmission electron microscopy
(Fig. 1, A and B). As Fig. 1 B shows, diamide induced re-
markable morphological changes both in the shape and the
subcellular organelle distribution and size. After 60 min of
diamide treatment, there was an increase of the number of
vacuoles and of large granule-free areas. The inner platelet
morphology was dramatically changed as a function of the
diamide incubation time. The discoid shape of nontreated
platelets (Fig. 1 A) was transformed into a more irregular one
(Fig. 1 B). The diamide-induced granule centralization and
redistribution resulted in the electron microscopic picture in
the formation of noticeable electron-dense zones. The canal-
icular system provides electric current pathways into and
through the particle, thus forming a complex electrical
equivalent network within the platelet. Moreover, upon ac-
tivation the canalicular system widens and changes.
The rotation behavior of diamide-treated platelets was in-
vestigated in the first and second characteristic frequency
range. Fig. 2 A shows that the anti-field peak rotation in-
creased with the diamide incubation time and that the first
characteristic frequency was shifted to higher frequencies.
After 30 min of diamide treatment, the first characteristic
frequency was increased by a factor of two or more. Con-
comitantly, we observed a large increase of the anti-field
peak rotation of about 100%. If the diamide treatment lasted
longer than 30 min, the anti-field rotation increased further
but the first characteristic frequency was now shifted back to
lower values. Fig. 2 B demonstrates the diamide influence in
the MHz range of co-field rotation. There was a significant
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FIGURE 1 Transmission electron micrograph of platelets (x20000) con-
trol cells (A) and treated with 0.5 mM diamide for 60 min at 37°C (B).
increase of the co-field rotation with increasing diamide in-
cubation time. But in contrast to the anti-field rotation range,
no detectable shift of the second characteristic frequency was
observed. Measurements after 30 and 60 min of diamide
treatment are provided.
It was of interest to investigate whether by means of elec-
trorotation other aspects of activation of diamide-treated
platelets could be detected in addition to its largely reduced
aggregation, release potency, and surface area increase.
Table 1 shows the results of aggregation and [14C]serotonin
release measurements. Diamide-treated platelets were acti-
vated with a variety of activators. Data with thrombin (0.5
units/ml), arachidonic acid (1.0 mM), and ionophore A 23187
(0.1 ,uM) are provided. Already, 5 min ofdiamide-treatment was
sufficient to completely inhibit irreversible aggregation. These
and other activators were capable of inducing only a transient
reversible aggregation. The [14C]serotonin release reaction was
only slightly decreased. After 30 and 60 min, neither irreversible
nor reversible aggregation was observed. The ["4C]serotonin re-
lease decreased by about 80% (Fable 1).
The change of the anti-field rotation of diamide-treated
platelets with and without activation is given in Table 2.
Thrombin and arachidonic acid as well as other natural ac-
I
1~ ~ r
20 30 40
fC2 [MHZ]
B
50 60
FIGURE 2 Maximum anti-field (A) and maximum co-field rotation (B)
of diamide-treated platelets plotted against the first and second characteristic
frequency (fjj,f.). HEPES-Tyrode buffer, 0.5 mM diamide at 37°C; (A) (1)
control, (2) 5 min, (3) 15 min, (4) 30 min, (5) 45 min, (6) 60 min, (B) (1)
control, (4) 30 min, (6) 60 min. Measuring solution: 300 mOsm succrose,
5.8 mM PBS, pH 7.2, room temperature, SE, n = 12.
tivators were unable to induce a decrease of the anti-field
rotation of diamide-treated platelets. However, A 23187 still
induced a significant decrease of the anti-field rotation. With
increasing time of diamide incubation, there was a small
decrease of the efficiency of the rotation decrease induced by
ionophore A 23187. The efficiency decreased from about
50% at 5 min to 35% at 60 min of diamide incubation time.
Fig. 3 shows the increase of the TMA-DPH fluorescence
upon activation for control and diamide-treated platelets. In
control, the fluorescence signal increased rapidly when
TMA-DPH was added. TMA-DPH is a marker of the ex-
ternal exposed membrane surface accessible from the bulk
solution. Upon platelet activation, the exocytotic reaction
causes the exposure of surplus membrane material and the
fluorescence concomitantly increases. An increase in the
fluorescence intensity of one relative unit corresponded to a
100% increase in the platelet membrane accessible from the
incubation medium. Curve 3 shows that for the control with
l
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TABLE 1 Maximum irreversible aggregation potency and [14C]serotonin release of diamide-treated (0.5 mM) platelets at 370C
Aggregation potency light transmission (%) ['4C]serotonin release (%)
Arachidonic Arachidonic
Activator Thrombin acid A 23187 Thrombin acid A23187
Untreated PRP 100 100 100 63.1 39.2 90.0
PRP diamide incubation time (min):
5 0 0 0 52.2 21.4 60.0
30 0 0 0 9.4 3.1 17.4
60 0 0 0 0 0.8 15.4
TABLE 2 Peak value of anti-field rotation of diamide-treated
(0.5 mM) platelets measured 7 min after activator was added
Rotation [10-' rotation/rad m22s- V-2]
Diamide Activator
incubation
time Without Arachidonic
(min) activator Thrombin acid A 23187
0 0.322 ± 0.12 0.10 ± 0.07 0.15 ± 0.1 0.05 ± 0.02
5 0.338 ± 0.09 0.35 ± 0.20 0.346 ± 0.21 0.145 ± 0.096
30 0.63 ± 0.15 0.59 ± 0.12 0.69 ± 0.14 0.45 ± 0.08
60 0.85 ± 0.09 0.83 ± 0.04 0.82 ± 0.11 0.55 ± 0.013
Measuring solution: 300 mOsm sucrose, 5.8 mM PBS, pH 7.2, room tem-
perature, SE, n = 8. Inducer concentrations given in Material and Methods.
.-
z
.
CO,
0 C
lLL
2-
1
0 I I
* curve 1
o curve 2
* curve 3
4
-100 I0 100
TIME [s]
200 300
FIGURE 3 Kinetics of TMA-DPH (trimethylammonium-diphenyl-
hexatriene) fluorescence. Curve 1: 0.5 mM diamide treatment for 60 min
after thrombin activation. Curve 2: 0.5 mM diamide treatment for 60 min
at 37°C and after A 23187, 0.1 ,M, activation. Curve 3: A 23187, 0.1 ,gM,
activated platelets without diamide. TMA-DPH concentration in all curves
1.2 mM, 37°C, HEPES-Tyrode buffer.
A 23187 activation the fluorescence intensity increased rap-
idly, reaching its saturation in less than 300 s. The half-
maximum value was approached in about 30 s. Maximum
fluorescence intensities of 2.1 rel. units were measured. The
release of ['4C]-serotonin was equally as fast. Similar fluo-
rescence kinetics induced by thrombin and arachidonic acid
were also recorded (not shown). With A 23187, thrombin,
and arachidonic acid, the increase of fluorescence intensity
correlated with ["4C]serotonin release of activated platelets.
The ["4C]serotonin maximum release rates are given in Table
1 for thrombin, arachidonic acid, andA 23187. After 0.5 mM
diamide treatment for 60 min at 37°C, thrombin and arachi-
donic acid (not shown) were no longer capable of increasing
the fluorescence intensity (Fig. 3, curve 1). In contrast, A
23187 was still able to slightly increase the fluorescence
intensity as demonstrated in curve 2 of Fig. 3.
DISCUSSION
Electrorotation changes of diamide-treated
platelets
The results obtained from the four different methods (platelet
aggregation, fluorescence, measurement of [14C]serotonin
release, and electrorotation) used here reflect different as-
pects of the cellular events occurring upon activation. The
aggregation method provides information about the physi-
ological reaction of thrombus formation. The exocytotic re-
lease was monitored with ["4C]serotonin release. The plasma
membrane increase accessible from the external solution was
detected with TMA-DPH fluorescence, and it is clear that, by
means of the electrorotation technique generally, changes in
membrane and intracellular conductivities and dielectric
structure can be successfully measured. Yet, it was not clear
how to quantitatively correlate electrorotation data and the
structural changes induced by diamide.
To discuss this question, let us first study the change of
electrorotation behavior of nonactivated, diamide-treated
platelets in more detail. The most remarkable effect of dia-
mide was that both the anti- and co-field rotation increased
gradually with diamide incubation time (Fig. 2,A and B). The
change in the first characteristic frequency was more com-
plex. It was shifted nonmonotonically toward higher fre-
quencies as a function of the diamide incubation time
(Fig. 2 A). The second characteristic frequency exhibited only
a minor shift, if any, upon diamide treatment, as shown in
Fig. 2 B. This intriguing combination of both the increase of the
rotation together with the shift of only the first characteristic
frequency to higher values has not been observed with other
systems so far investigated by means of electrorotation. Our hy-
pothesis was that the observed complex intemal structural
changes could be correlated with this behavior.
The electrorotation of single- and multi-shell rotational
symmetric particles has been investigated theoretically by
Fuhr and Kuzmin (1986) and Sauer and Schlogel (1985).
Electrorotation depends on the bulk conductivity, Gel the
membrane conductivity, Gm, the intracellular conductivity,
G;, the radius of the particle, r, the intracellular, membrane,
and extracellular dielectric constants, E;, Em, and Ee, the
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surface conductivity, K., and the shell or membrane thick-
ness, h. The torque, N, of a single shell particle shows a
characteristic spectrum as a function of the angular fre-
quency, w, of the applied electric field with field strenght, E,
and is given for thin membranes by
N = 41lE E r3E2[(C2 1) 1 + (-W/w1 )
+(BA)21+ W/CO
B2 A2 1 + (W/(02)2 '
0.8 r A
0
'U
'IL
w
(1)
0-(1) a
The various coefficients A1 to C2 represent combinations of
the dielectric parameters and are given by
h
A1 = Em(Ee - CE) + - (Er- Em)(2Em+ E),B1=-Gm( r
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FIGURE 4 Dimensionless maximum torque plotted against the first (A) and
second (B) characteristic frequency of human platelets calculated by means of
the single-shell model. (A) First characteristic frequency range (13): theoretical
control value of the peak anti-field torque and the frequency of the first peak.
Bulk solution conductivity: G, = 0.012 S/m, intracellular conductivity: Gi = 0.25
S/m, membrane conductivity: Gm = 1.0 x 10' S/m, dielectric permittivity of
the membrane, em = 6.0 X %,, hydrodynamic platelet radius, r = 0.9 ,um, surface
conductivity, K. = 10-9 Q-,cdielectric penrmittivity of the platelet interior, , =
50 x E., dielectric permittivity of bulk solution, Ee = 75 X %, membrane thick-
ness, h = 8.0 x 10-9 m. The membrane conductivity (G.), intracellular con-
ductivity (G.), and radius (r) were varied each separately. The other parameters
were kept constant; (B): second characteristic frequency range (01): theoretical
(6) control value of the peak co-field torque and the frequency of the second peak;
cellular and bulk solution parameters given in A. The intracellular conductivity
(G. was varied separately. The other parameters were kept constant.
2h
+ 2$ Gm - (Gm - Gi).
In Fig. 4 we show the theoretical dependence of the ro-
tation for a single shell particle as a function of the first
characteristic frequency, fcl, varying several of the theoreti-
cal parameters while keeping the others constant. It was ob-
vious that none of these parameters alone could explain the
observed anti-field rotation behavior. Moreover, as demon-
strated in Fig. 4 B, it was not possible to explain the increase
of the magnitude of the second characteristic rotation peak
by making changes to any one of the parameters within the
framework of the single-shell theory when the internal con-
ductivity was kept within a reasonable range.
We consider that one of the major shortcomings of the
available theories is that they only hold for spherically sym-
metrical particles without internal structure. Neither the po-
larization of nonspherical geometries nor the contribution of
frictional behavior has been systematically studied yet. In the
case of platelets we have nonsymmetrical particles with in-
vaginations and with deeply structured intracellular material.
Morphological studies with electron microscopy showed that
diamide treatment of platelets led to granular centralization in
parallel with the formation of large granule-free areas as a func-
tion of diamide incubation time (Fig. 1, A and B). We were
convinced that these remarkable morphological changes, both in
the shape and the subcellular organelle distribution and size,
could not be ignored when interpreting the electrorotation data.
Recently, a closely packed vesicle system surrounded
by a common membrane was used to describe theoretically
the electrorotation behavior of aggregated particles and
1
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exocytotic cells (Donath et al., 1993). We have suggested a
cubically packed cell interior as schematically depicted in
Fig. 5. Each internal cubic particle is composed of an interior
isotropic phase separated from the exterior by a thin mem-
brane referred to below as a vesicle membrane. Conse-
quently, the whole system comprises two different mem-
brane systems. We have then described the dielectric
properties of the interior by averaging the dielectric behavior
of the individual elements and have obtained the dielectric
constant and the conductivity of the interior now as
frequency-dependent parameters.
L + d Cg +
brane, and "vesicle" interior, respectively, and d is the gap
thickness between the "vesicles." For details, the reader is
referred to Donath et al. (1993).
To demonstrate the limitations as well as the capabilities
of this multiparameter model, we made use of it to discuss
the diamide-induced changes of the electrorotation behavior
of platelets. In view of the approximate nature of the model
and because of the large number of free parameters, it is not
meaningful to fit the the experimental data to the theoretical
model without explicitly taking account of the observed
diamide-induced morphological changes (Fig. 1, A and B).
(CM + C)I + R) - C2CmCi)(2Cj + Cm)1
2+ 1)2+2 2(2C + Cm)2
1~~~ -12CRmR 20CCj + R + o2(cm + R )(2C; + Cm)l
G;L+d LRg (R + + co2(2C+ Cm)2
where Cm = EmL/h, Rm = h/GmL2, Ri = 1/G,L, Cj = E,L,
Rg = 1/2dEg, and Cg = 2dEg. h is the thickness of the "vesicle"
membrane. The indices g, m, and i refer to the gap, mem-
(8)
(9)
Upon increasing diamide incubation time, the canalicular
system widened, thus probably providing a direct electric
access from the bulk medium into the platelet interior
Rm
Rg
Rm
d
FIGURE 5 Scheme of the cubically structured model and the equivalent circuit. R and C corresponds to the resistances and capacitances of the membrane,
of the cellular and the "vesicle" interior, and of the gap indicated by the indices m, i, g.
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through a continuous electrolyte phase surrounding larger
areas of vesicular structures separated by the canalicular
membrane from the cytoplasm. These changes resulted in an
increase of the gap diameter, a decrease of the gap conduc-
tivity toward the bulk value, a decrease of the effective
plasma membrane conductivity, and an overall change of the
platelet size as well as the "vesicle" size.
By closely adhering to these predicted changes in the di-
electric properties of the platelets, we calculated the resulting
electrorotation spectra together with the frequency depend-
ent internal conductivities and dielectric constants. The pa-
rameters are summarized in Table 3. Using the the param-
eters of row 1 in Table 3, the corresponding electrorotation
spectrum (Fig. 6, curve 1) is seen to be close to the rotation
behavior obtained from untreated platelets. The presence of
the electrically isolating platelet plasma membrane together
with the internal canalicular membrane system causes two
separated polarization processes in the anti-field rotation
range. These two processes result in a broad theoretical anti-
field rotation peak with two maxima. It is clear that because
of the more complex geometry of the platelet system, one
might not be able to observe these two peaks separately.
Upon diamide-treatment, the plasma membrane becomes
electrically transparent because the canalicular system opens
and the conductivity of the gap decreases in parallel. The
high conductivity of the plasma membrane shunts the ca-
pacitive component, and the associated low frequency peak
disappears. This is demonstrated in curve 2 of Fig. 6. Further
changes of the geometry of the system, e.g., increasing size,
may shift the characteristic frequency of the anti-field rota-
tion peak backwards to lower frequencies (Fig. 6, curve 3).
The electrorotation behavior in the MHz range is mostly
a result of the conductivity difference between the bulk elec-
trolyte and electrically isolated parts of the cytoplasm. Con-
sequently, the morphological changes that caused the change
of the electrorotation behavior in the kHz range have little
effect on the peak frequency of electrorotation in the MHz
range.
Although this theoretical illustration consistently de-
scribed the experimentally observed electrorotation behav-
ior, by no means does this prove that the used structural
equivalent model with the respective dielectric parameters is
the only possible model to describe the dielectric response of
the system. Despite this general limitation, the subsequent
semi-quantitative description of the electrorotation of plate-
lets as well as the geometric shortcomings of the model of
the interior used, we are convinced that the general idea is
basically correct.
Electrorotation and platelet activation
An important finding from our electrorotation investigations
with diamide-treated platelets was that the treatment com-
pletely inhibited the electrorotation decrease upon activation
with the inducers tested. The only exception was A 23187,
which was still able to cause an electrorotation decrease.
Even 5 min of diamide treatment was sufficient to inhibit the
electrorotation decrease, although the diamide effect on the
platelets was not yet saturated. Neither the electrorotation
decrease nor fluorescence decrease and serotonin release in-
duced by A 23187 was inhibited completely by diamide.
All experiments performed in this study as well as earlier
studies have demonstrated that a consistent qualitative cor-
relation of the electrorotation decrease in the range ofthe first
characteristic frequency with the [14C]serotonin release and
TMA-DPH fluorescence increase exists. This suggests that
the induced platelet electrorotation change was a measure of
exocytosis. It also showed that probably in all cases exocy-
tosis in platelets was accompanied by an increase of the
effective plasma membrane conductivity as assessed by
electrorotation. Consequently, the observed membrane con-
ductivity increase corresponding to a permeabilization or an
electrical connection of the canicular system to the cell
exterior seems to be a necessary step or a consequence of
exocytosis in platelets. It was also remarkable that the
kinetics of the electrorotation decrease coincided with an
TABLE 3 Parameters used for calculation of the theoretical first and second characteristic frequencies and the corresponding
peak anti- and peak co-field rotations
Peak Peak
anti-field co-field
d* Lt r§ Gg' Gm11 f." rotation f2 rotation
(Km) (Km) (Om) (S/rn) (S/rn) (kHz) (N**/41reeO3E2) (MHz) (N/41EEOYE.)
1 0.035 1.0 2.5 0.3 10-5 114.3 0.26 34.4 0.36
665.9 0.24
2 0.1 0.5 2.5 0.01 10-2 938 0.33 33.4 0.23
3 0.1 0.7 3.3 0.01 10-2 728 0.41 31.6 0.28
The following parameters were kept constant. Vesicle parameters: membrane thickness, h = 5 nm, dielectric permittivity of the membrane, Em = 5.5*e,
dielectric permittivity of the "vesicle" interior, e1 = 50*e0, "vesicle" membrane conductivity, Gm = 10' S/m, internal conductivity of the "vesicle," G.-
0.3 S/m; Cell parmeters: dielectric permittivity of the gap, Eg = 80*e, dielectric permittivity of the outer cell membrane, Em = 5.5*EO, conductivity of the
external solution, Ge = 0.010 S/m, dielectric permittivity of the external solution, ee = 80*Eo, surface conductivity, K. = 0 fl'.
*"vesicle" diameter.
gap diameter.
§ cell radius.
conductivity of the gap.
outer cell membrane conductivity.
** torque calculated from Eqs. 1-9.
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FIGURE 6 Calculated electrorotation spec- W 100i
trum of platelets. The parameters are given in L 0.25 C° .o Q
Table 3. The curves corresponds to the number X 10 I 102 10' 10 410 l 10? 10' 10a 10 " /r\It
of the rows. (inset) Corresponding effective di- w FREQUENCY [Hz]
electric constant and effective conductivity of "/
the cell interior as a function of the frequency of UJ QQQ
the electricfield. vD 10 2 10 3 1 5 10 Q3 7 10 8 109 10 10
O
-0.25 1 2
3
-0.50-
FREQUENCY [Hz]
increase in fluorescence ofTMA-DPH. However, there were
also quantitative differences of the degree of changes de-
tected by these three methods. Most remarkable was that
even after the strongest diamide treatment employed for 60
min, A 23187 still induced an electrorotation decrease of
35%; yet the fluorescence change and serotonin release were
much smaller. This was true also for intermediate incubation
times. It might be that although the plasma membrane be-
came electrically transparent, at least the exocytotic process,
which requires vesicle fusion in addition, was partially in-
hibited. Probably because diamide-induced inhibition of the
functioning of proteins involved in exocytosis did not allow
completion of the exocytotic process, i.e., the release of the
granule content and the incorporation of the granule mem-
brane into the plasma membrane. The experimental result
that all other inducers did not cause an electrorotation de-
crease showed that protein-dependent processes before
membrane permeabilization were inhibited.
In summary, electrorotation can detect an essential mem-
brane event involving either the permeabilization or an elec-
trical connection of the canicular system to the cell exterior
of the plasma membrane in platelets. This information would
not be obtained by other means. In this context, electroro-
tation could be a useful tool in combination with other meth-
ods in further studies of platelet release as well as in other
cellular systems. The results also showed that the diamide
treatment had a complex effect on the platelets. It inhibited
very initial step of exocytosis as well as later steps as was
demonstrated by the electrorotation decrease still occurring
after A 23187 activation, whereas granular release was
largely reduced. Measurements on red cells proved that A
23187 at the concentration used alone cannot induce a large
enough Ca21 permeability to be detected by electrorotation.
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